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(54) SYSTEM FOR DYNAMIC EVALUATION OF THE STATE OF HEALTH AND CHARGE OF A 
VEHICLE BATTERY 



(57) A system f orthe dynamic evaluation of the state 
of health and charge of the battery of a vehicle. 

The system, assembled in the vehicle, measures 
the electrochemical impedance of a battery by means 
of: 

means (5) for generating a sinusoidal alternating 

current applied to the battery posts; 

means for measuring the voltage drop caused by 

the passage of said current; 

means (2) for filtering and conditioning said voltage 



drop, and 

means (3 ; 10)forobtainingthe actual and imaginary 
components of said electrochemical impedance; 

comprising a unipolar architecture where the injected 
signal is an alternating component at only one frequen- 
cy, coming from an oscillator, continuously superim- 
posed on a reference component, the measurements of 
the actual and imaginary components being carried out 
continuously in time together with the acquisition of a 
voltage proportional to the injected current at all times. 
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Description 

Field of the Invention 

[0001] The present invention refers to a system pro- 
posed for a dynamic evaluation of the state of health 
(SOH), that is to say the current capacity (at any given 
time) of absorbing and/or delivering energy with respect 
to the rating of a battery or actual capacity after recharg- 
ing, as well as the state of charge (SOC) of a vehicle 
battery, or the amount of stored energy with respect to 
the available capacity, and therefore the actual capacity 
that it can provide during an immediate discharge. 
[0002] The reference to a battery or battery element/ 
unit will be understood throughout this specification as 
a secondary (reversible electrochemical action) or ac- 
cumulator battery, and particularly a battery for an au- 
tomobile, the system, implemented/assembled on the 
vehicle, being applied to said battery and the evaluation 
being carried out during the vehicle's functioning as well 
as in standstill. 

[0003] The electrical system of a motor vehicle or au- 
tomobile is a vital part of its functioning. The battery, as 
an energy storage element, is a key factor in the devel- 
opment of electrical systems with intelligent handling ca- 
pacity (microcontrollers and management algorithms). 
These systems are becoming more necessary due to 
the increase in the demand of electric power in automo- 
biles. Modern automobile batteries are specifically de- 
signed so as to provide elevated levels of current for 
engines coupled in starting with a comparatively small 
reserve capacity in order to handle the inactive charges 
and emergency functions when the charging circuitfails. 
A suitable voltage regulation is not only necessary for 
the protection of the system charges but also for a cor- 
rect functioning and long life of the battery. 
[0004] The system of this invention makes use of one 
impedance measurement technique called electro- 
chemical impedance spectroscopy (or impedance in al- 
ternating current) based on the measurement of the in- 
crease of the sinusoidal voltage AV=V max sen (27ift) 
when a sinusoidal current Al=l max sen (27cft+<3>) is added 
to the normal charging and discharging current of the 
battery, f being the frequency and l max the amplitude of 
the superimposed sinusoidal current, with whose mag- 
nitudes the electrochemical impedance of the battery is 
calculated Z(f)= V max /I max . 

[0005] Consequently, the electrochemical impedance 
of a battery is a complex number which depends on the 
frequency, characterized by its actual and imaginary 
parts or by its module IZI = V max /I max and its phase angle 
<D. The system proposed herein proceeds to an acqui- 
sition of both components at all times, due to which the 
value of the injected current is also acquired at all times, 
measured through the corresponding voltage generated 
as a consequence of said current injection, in addition 
to the actual voltage existing in the battery posts and the 
temperature inside the battery, whose series of values 



is continuously and simultaneously fed to a microcon- 
troller where several algorithms are applied in order to 
provide an evaluation of the SOH and SOC at all times. 
[0006] The invention refers to a dynamic system, that 

5 is to say not conceived to be implemented in a laboratory 
or shop but rather precisely foreseen for its application 
in the vehicle, be it in a standstill state, before starting 
the engine, or during its functioning, providing the 
processing of all the mentioned measurements with a 

10 preventive and generally useful indication for an intelli- 
gent handling of the electrical system of the vehicle. 
[0007] The system according to the present invention 
permits being included in an interconnections box with 
intelligent handling. Apart from this, said system has 

15 been implemented with design optimization by means 
of several electronic circuits such that its cost is very 
affordable and its function ensured in the vehicle area. 

Background of the Invention 

20 

[0008] The main problem for the methodology that 
this invention aims at is the exactness in the on-line de- 
termination of the SOC and the evolution of the SOH. 
The voltage measurement of the battery is not a suitable 

25 parameter for establishing a good correlation with the 
battery's SOH. It is known that the only reliable process 
for detecting premature capacity failures in batteries is 
the discharge test at a constant current at a specific volt- 
age. However, this method is expensive, requires a lot 

30 of time and cannot be implemented for a dynamic 
scheduling. 

[0009] The SOC and SOH evaluation of batteries sub- 
jected to different discharge cycles has been widely 
used in the last two decades for researching the kinetics 

35 of battery elements/units. In these prior studies, such as 
"A review of impedance measurements for determina- 
tion of the state-of -charge or state-of-health of second- 
ary batteries" F. Huet. Journal of Power Sources 70, pp. 
59-69, (1998), many authors have concluded that the 

40 impedance techniques are a good method for providing 
a test of the SOC. 

[0010] The representations of the module and of the 
phase of said electrochemical impedance with relation 
to the frequency by means of the Bode diagrams are 
45 usual in the characterization of electronic circuits al- 
though the most common representation in the field of 
batteries is the Nyquist diagram, which relates the im- 
aginary part with the actual part of said impedance. 
[0011] The main common features of the Nyquist di- 
sc agrams applied to automobile batteries, particularly of 
lead-acid, are: 

an inductive part to frequencies greater than 100 
Hz; 

55 - a high frequency resistance R HF in the range of mil 
which is the actual part of the impedance to frequen- 
cies greater than 100 Hz; 

a first and small capacitive loop for frequencies be- 
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tween 0.1 to 100 Hz; 

a second and broad capacitive loop for frequencies 
greater than 0.1 Hz. 

[001 2] Therefore, the SOC and SOH of batteries sub- 
jected to different charging-discharging cycles have 
been characterized in the laboratory by impedance 
measurements. Some of the parameters extracted from 
the R HF spectrum, for example, are directly related to 
the battery's SOC. In addition, the R HF ohmic resistance 
of the impedance measurementto elevated frequencies 
measurement is a substantial parameter which could be 
included in an on-line dynamic determination of the 
safety regions of the battery, carried out on the vehicle. 
[0013] A very common method of studying the fre- 
quency dependent properties consists of modeling the 
unknown system by means of an electric circuit equiv- 
alent. Regarding this, one can cite the publication "Dy- 
namic modeling of lead/acid batteries using impedance 
spectroscopy for parameter identification". P. Maurach- 
er, E. Karden. Journal of Power Sources 67 pp. 69-94 
(1997). 

[001 4] Methods and devices or systems for a control- 
led battery management appear in patents WO-A- 
98/53335, relating to a battery SOH control system, 
EP-A-884600, referring to a device and method for con- 
trolling the SOC of a battery, and in patent WO-A- 
98/58270, referring to a method and apparatus for eval- 
uating and classifying batteries based on the application 
of microcharges or charge microimpulses to the battery, 
carrying out the classification in function of the profiles 
of the resulting voltages, or portions thereof taken in the 
battery posts. 

[0015] Patent US-A-5, 773,978 refers to an imped- 
ance control for a storage battery which includes a 
charging circuit coupled to the battery terminals in order 
to charge it such that a time dependent voltage compo- 
nent is generated in its posts, which has a peak-to-peak 
amplitude, the measurement unit connected to the bat- 
tery posts including a peak detector in order to generate 
an indicative voltage based on the output of the imped- 
ance unit. 

[0016] Patent WO-A-94/15222, related to a method 
and an apparatus for determining the state of charge of 
an electrochemical cell, is based on the evaluation of 
the rate of change of the electrochemical impedance of 
the cell upon varying the frequency, comparing the cell 
impedance to two or more frequencies. In one of its em- 
bodiment examples (figure 3 and corresponding de- 
scription), this patent discloses a method and an appa- 
ratus for determining the state of charge of an electro- 
chemical cell performing a synchronous detection of an 
alternating voltage signal, proportional to the imped- 
ance of the battery generated in the posts thereof, as a 
consequence of the injection of the current, alternately 
determining the resistive and reactive components of 
the impedance, such that the total impedance can be 
calculated by vector addition of the output voltages un- 



dertwo measurement conditions and division by the cur- 
rent applied to the battery, which can be measured by 
suitable means such as an AC current meter. 
[0017] The method and apparatus of said patent has 

5 afirst drawback in that it does not take into consideration 
the temperature of the battery (range of working tem- 
peratures comprised in a range of -40° to +1 25° C). Said 
method permits alternately acquiring the values of the 
normal and imaginary components of the proportional 

10 voltage generated by the injection of said alternating 
current, but it has not foreseen a continuous measure- 
ment of the injected signal and of its possible variations 
during the course of the measurements, especially con- 
cerning the elevated interferences due to temperature 

15 and tolerance of the components, such that the imped- 
ance values determined throughout a period of time can 
be erroneous. 

[001 8] The disclosed apparatus is based on a bipolar 
architecture (± Vcc), which would have a set of draw- 
ee backs if it were dynamically applied in the automobile, 
that is to say during its functioning, which are detailed 
below: 

given that there is only a unipolar system (0-Vcc) in 
25 the automobile, said bipolar architecture, according 
to the proposal of said patent, would oblige intro- 
ducing a negative voltage generation system with 
the subsequent complexity for achieving said sym- 
metrical source and requiring the use of a greater 
30 number of components; 

the generation of this negative voltage would be de- 
terminant in introducing a set of interferences which 
could be highly aggressive for a microcontroller if 
its use were foreseen for carrying out the evaluation 
35 in a dynamic manner. 

[001 9] Lastly, said patent does not foresee the evalu- 
ation of the state of health, not being able to therefore 
ensure that said battery still functions, that is to say it is 
40 not a system with a memory capable of storing anoma- 
lous situations. 

[0020] Nor does this patent foresee a phase adjust- 
ment in relation to the working frequency in the voltage 
fed to the control block of the synchronous detection fil- 
45 ter used. 

[0021] Patent US-A-5, 862, 51 5 discloses a meter sys- 
tem for batteries which also comprises a bipolar archi- 
tecture, no detection of the normal and imaginary com- 
ponents of the electrochemical impedance being carried 
50 out, and without it carrying out a synchronous detection 
either, that is to say at a determined frequency of the 
injected current. 

[0022] All these methods and/or systems, and partic- 
ularly that described in the next to last cited WO patent, 
55 are not sufficiently suitable for a measurement and 
eventual subsequent dynamic scheduling assembled in 
the automobile, since different charges and sources are 
connected to the battery terminals, which will also intro- 
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duce their components into the output signal as from 
which the impedance must be measured, which must 
also consider the variations in the injected current, all 
this making the precision of the measurement difficult or 
making it impossible, as according to the means and 
measurements explained in such background. 

Brief Description of the Invention 

[0023] Unlike the mentioned background, the present 
invention proposes a unipolar system where said syn- 
chronous detection of the alternating voltagesignal, pro- 
portional to the battery impedance generated in the 
posts thereof, as a consequence of the current injection, 
is dynamically carried out such that all the components 
that could introduce other charges or sources connect- 
ed to the battery are efficiently removed, also acquiring 
at all times the value of the injected current, the value 
of the actual voltage existing in the battery posts and the 
temperature of said battery, obtaining as from these val- 
ues a highly reliable detection of the actual and imagi- 
nary components of the electrochemical impedance of 
the battery and a reliable evaluation of the SOC and 
SOH thereof. 

[0024] More specifically, the proposed system, based 
on the electrochemical impedance measurement prin- 
ciples of a battery and comprising: 

means for generating an alternating sinusoidal cur- 
rent which is applied to the battery posts; 
means for measuring the voltage drop caused by 
the passage of said current; 
means for filtering and conditioning said voltage 
drop, using at least one synchronous filter control- 
led by the original generated current signal; and 
means for obtaining a continuous voltage value pro- 
portional to the electrochemical impedance of the 
battery, determining as from this voltage value the 
actual and imaginary components of the electro- 
chemical impedance of the analyzed battery, 

is characterized in that it is based on a unipolar archi- 
tecture (mass and supply) such that the injected signal 
consists of an alternating component at only one fre- 
quency provided by an oscillator, continuously superim- 
posed on a reference component, and in that it is fore- 
seen for operating both in the standstill and running of 
the vehicle it is integrated in, obtaining the measure- 
ments of the actual and imaginary components in a con- 
tinuous manner in time, using a synchronous detection 
filter controlled by the original generated current (inject- 
ed to the battery posts) for such a purpose, for the ac- 
quisition of each one of said components and also for 
obtaining a voltage constantly proportional to the inject- 
ed current, also by means of a synchronous detection 
filter. 

[0025] As indicated, the system according to the in- 
vention is also characterized by additionally including: 



means for obtaining a voltage value in the battery 
posts at all times, and 

means for obtaining a voltage value which is pro- 
portional to the temperature inside the battery. 

5 

[0026] According to the invention, the determined val- 
ues of the actual and imaginary components of the elec- 
trochemical impedance, together with the voltage val- 
ues in the battery posts, the voltage value proportional 

10 to the temperature and the voltage value proportional to 
the injected current are fed to a microcontroller contain- 
ing algorithms for calculating the state of charge and the 
state of health of the battery as from the set of said val- 
ues introduced into said microcontroller. 

15 [0027] In order to better understand the features of 
the system of this invention, it will now be described with 
reference to a possible embodiment example, provided 
for an illustrative and non-limiting purpose, shown on 
several sheets of drawings in which: 

20 

Figure 1 shows a block diagram showing a possible 
embodiment example of the system comprising dif- 
ferent parts: acquisition stages of the actual and im- 
aginary components of the voltage signal obtained 

25 as a consequence of the current signal injection, an 
acquisition stage of the voltage proportional to said 
injected current, an acquisition stage of the voltage 
in battery posts and an acquisition stage of the tem- 
perature inside the battery, necessary for imple- 

30 menting the system according to the invention. This 
figure shows that the five indicated values are con- 
tinuously fed to a microcontroller. 
Figures 2 to 17 show a possible embodiment of 
each one of the blocks, the waveshapes of the input 

35 and output signal being detailed in the majority of 
said blocks in order to better understand the oper- 
ating principal of the system. It should be pointed 
out that blocks 3, 1 0, and 1 3, relative to a synchro- 
nous filtering stage controlled by the original gener- 

40 ated current signal, are significantly similar, and 
blocks 4, 1 1 and 1 4, applied to remove the reference 
signal, to filter and amplify the signal and to adapt 
it to a range of 0-5 V for its introduction into the mi- 
crocontroller, are also significantly similar. 

45 

[0028] According to this invention, the system com- 
prises: 

block 6: a conventional oscillator, detailed in figure 
50 6, which provides an alternating sinusoidal voltage 
signal at a determined reference frequency, for ex- 
ample 90 Hz, continuously superimposed on a com- 
ponent as a reference. 

block 5: a circuit, detailed in figure 5, for injecting a 
55 current in the range of 1 00 mA to the battery posts, 
comprising an operational amplifier which is fed by 
the voltage of the oscillator and which has a tran- 
sistor. 
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block 15: shown in figure 15 and consisting of a 
standard voltage regulator providing a reference 
voltage, for example 4 V 

block 2: a filtering assembly prior to the alternating 
voltage signal generated in the battery posts (in the 5 
range of 100 uV) as a consequence of the current 
injection, comprising a filtering stage with several 
sub-stages and an amplification stage and ending 
in an operational amplifier in tracker assembly for 
isolation, the structure is shown in detail in figure 2; 10 
block 7: detailed in figure 7, a circuit for phase cor- 
rection of the voltage generated by the oscillator 6 
in order to offset the phase mismatches induced by 
the electronic measurement stages in each one of 
thesynchronous filtering stages used for measuring 
the actual and imaginary components of the elec- 
trochemical impedance of the battery; 
block 9: detailed in figure 9, it carries out a phase 
shift at 90° of said voltage signal generated by the 
oscillator (corrected in phase by block 7) for calcu- 
lating the imaginary component of the electrochem- 
ical impedance of the battery; 
blocks 3, 10, 13: shown in figures 3, 1 0 and 1 3 and 
basically equivalents, consisting of a synchronous 
filter (at a working frequency set by the oscillator), 25 1 
in which the signal evolution has been included at 
several points of the circuit and which has three in- 
terrelated, solid state analog switches, two of them 
receiving the control signal coming from the oscil- 
lator (through a control device such as that shown 30 
in block 8) and one of said two switches connected 
to the third, comprising a first operational A applied 
to the rectification of the reference signal at the 
working frequency and a second operational B ap- 
plied to the filtering of the rest of the signals appear- 35 
ing in the measurement in order to thus obtain a 
continuous voltage proportional to the electrochem- 
ical impedance component of the battery; 
block 8: control circuit of the synchronous filter, 
shown in figure 8 and likewise present as an end 40 
component of blocks 9 and 1 2 with slight variations, 
block 12: circuit detailed in figure 12 prepared for 
the acquisition of the voltage values of the oscillator 
(without inclusion of the phase shift) corresponding 
to the injected signal and finalized in a control stage 45 
of the synchronous filter of block 13; 
blocks 4. 1 1 and 1 4: detailed in figures 4.11 and 1 4, 
comprising stages of matching the measured sig- 
nals to the electrical features of the microcontroller 
with the elimination of the reference, stabilization of 50 
each voltage value and matching to the voltage lev- 
els in order to optimize the dynamic range of said 
microcontroller. 

[0029] Thus, blocks 2, 9 and 12, which provide the 55 
voltagesignal generated in the battery posts, said signal 
phase shifted 90° and the voltage value of the oscillator, 
respectively, feed several corresponding synchronous 



detection filtering circuits (blocks 3, 10 and 13, respec- 
tively) in order to proceed from them to provide a suita- 
ble signal in corresponding blocks 4, 11 and 14 so that 
the microcontroller can efficiently calculate the electro- 
chemical impedance and the SOC and SOH of the bat- 
tery, for which the information continuously provided by 
blocks 16 and 17 shown in the figures with the same 
numbers is also taken into account, the first acquiring 
the temperature of the inside of the battery (reflected on 
a scale of 0 -5 V) through a probe, for example a PTC, 
and the second constantly providing values proportional 
to the battery voltage in a range of 0-5 V. 
[0030] It can be seen that the stages of the described 
circuits have always been constructed on the basis of 
assemblies with operational amplifiers in different 
shapes and as from discrete components available on 
the market, it is important to state that said circuits are 
only informative about a possible implementation of the 
invention, which is delimited in its essential features in 
the following claims. 



Claims 



A system for the dynamic evaluation of the state of 
health and charge of the battery of a vehicle, based 
on the determination of the electrochemical imped- 
ance of the battery as from the measurement of the 
sinusoidal voltage increase AV=V max sen(2nf t) 
when a sinusoidal current Al=l max sen(2nf t+C>) is 
added to the normal charging and discharging cur- 
rent of the battery, where f is the frequency and l max 
is the amplitude of the superimposed sinusoidal 
current, with whose magnitudes the actual and im- 
aginary component values of the electrochemical 
impedance of the battery Z(f)= V max /I max e^ are ob- 
tained, comprising for such purpose: 

means for generating said sinusoidal alternat- 
ing current applied to the battery posts; 
means for measuring the voltage drop in said 
battery posts, caused by the passage of said 
current; 

means for filtering and conditioning said volt- 
age drop, using at least one synchronous filter 
controlled by the original generated current sig- 
nal; and 

means for acquiring a continuous voltage value 
proportional to the electrochemical impedance 
of the battery, obtaining as from this the actual 
and imaginary component of the electrochem- 
ical impedance of the battery; 

characterized in that said evaluation system is 
based on a unipolar architecture (mass and feed- 
ing) where the injected signal consists of an alter- 
nating component at only one frequency provided 
by an oscillator, continuously superimposed on a 
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reference component, and in that the system is 
foreseen for operating both in standstill and func- 
tioning of the vehicle, integrated therein. 

2. A system according to the previous claim, charac- 
terized in that it comprises means for continuously 
obtaining the measurements of the actual and im- 
aginary components over time, using for such pur- 
pose a synchronous detection filter controlled by 
the original generated current signal for obtaining 
from each one of said components and also by com- 
prising means for acquiring at all times and also by 
means of a synchronous detection filter a voltage 
proportional to the injected current at all times. 

3. A system according to claim 2, characterized in 
that it also comprises means for offsetting the 
phase mismatches induced by the electronic meas- 
urement stages in each one ofthetwo synchronous 
filter stages used for measuring the actual and im- 
aginary components of the electrochemical imped- 
ance of the battery, consisting of a phase shifter cir- 
cuit which is looped in the signal which feeds said 
synchronous filter stages, for the control thereof. 

4. A system according to claim 2, characterized in 
that it also includes means for obtaining a value of 
the voltage existing in the battery posts at all times. 

5. A system according to claim 2, characterized in 
that it includes means for also obtaining a voltage 
value that is proportional to the temperature inside 
the battery. 

6. A system according to the previous claims, charac- 
terized in that the values of the actual and imagi- 
nary component of the impedance together with the 
voltage values in the battery posts, the voltage val- 
ue proportional to the temperature and the voltage 
value proportional to the injected current feed a mi- 
crocontroller containing several algorithms for cal- 
culating the state of charge and the state of health 
of the battery as from said values introduced into it. 

7. A system according to the previous claims, charac- 
terized in that it comprises means for adding a nec- 
essary voltage reference into the filtering and am- 
plification stages in orderto implementsaid unipolar 
topology. 

8. A system according to claim 7, characterized in 

that said voltage reference is obtained from a volt- 
age regulator. 

9. A system according to the previous claims, charac- 
terized in that coupled to each one of the synchro- 
nous detection filters, it includes a stage of match- 
ing the measured signals to the electrical features 



of the microcontroller with the elimination of the ref- 
erence, stabilization of each voltage value and 
matching to the voltage levels in order to optimize 
the dynamic range of the microcontroller. 

5 

10. A system according to the previous claims, charac- 
terized in that each one of the synchronous detec- 
tion filters comprises three interrelated, solid state 
analog switches, two of them receiving a control sig- 
10 nal coming from an oscillator and one of said first 
two connected to the third, comprising a first oper- 
ational A applied to the rectification of the reference 
signal at the working frequency and a second oper- 
ational B applied to the filtering of the rest of the 
15 signals appearing in the measurement in order to 
thus obtain a continuous voltage proportional to the 
electrochemical impedance component of the bat- 
tery. 

20 11. A system, characterized in that the acquisition of 
the temperature inside the battery is carried out as 
from a PTC probe. 
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